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ABSTRACT
KALEB JAMES PAGE: Influence of Paticle Size on Mixed Culture Bacterial

Biofilms
(Under the direction of Colin R. Jackson, Ph.D.)
Little research has investigated particle size as a structuring factor of microbial
communities in aquatic environments. One study focused on the influence of particle
size on microbial community structure as observed in nature, and the study described
here tested those findings in vivo. Stream water was collected and used to inoculate
samples containing glass beads of various sizes, fine(106 pm), medium (500 pm), and
coarse(1000 pm), and a mixture of all particle sizes; each sample had the same total
surface area. Half ofthe samples were left standing, and half were rotated to simulate the
movement of a stream current. Samples were amended with R2A, a media commonly
used for culturing aquatic microbes. After a growth period of 30 days, whole community
DNA was extracted. Analysis of the 16S rRNA gene fragments, through denaturing gel
gradient electrophoresis(DGGE), compared samples across the particle size gradient
using binary data to generate similarity scores and multi-dimensional scaling(MDS)
plots. Clones produced from 16S rDNA

were sequenced to provide sequencing data and

phylogenetic lineages for the clones of all the samples.
MDS plots and cluster analysis of DGGE binary data for standing samples
identified three distinct groups based on particle size: the fine particles, the medium
particles, and a group consisting of the coarse particles and the mixture of all particle
sizes. Sequencing data provided more evidence that particle size can be a structunng
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factor for certain bacterial phyla. 75% ofthe observed Firmicutes clones were present on
the fine and medium particles, with only 7.5% ofthe total number of clones being found
on the coarse particles. The effect ofshaking vs. standing gave the most noticeable
differences in microbial communities. Notably, the Actinobacteria were present only on
the shaking particle samples. Likewise, nine often observed Alphaproteobacteria were
present on shaking particles.
Previous research has investigated differences in microbial communities amongst
natural particles of different size, attributing the phenomenon to subtle variations in
chemical composition or particle surface texture. This study focused exclusively on the
effect of particle size; by using sterile glass beads of different sizes, all of which were
essentially spherical in shape and had the same chemical composition, the effect of
particle size as an influence on bacterial biofilms was proven to be significant for certain
bacterial phyla.
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INTRODUCTION
Biological research forms the foundation of most of what is known about the
beginnings, maintenance, and richness of life on earth. While most biodiversity research
has focused on macroorgansisms, the total number ofbacterial species is unknown, with
estimates of8 million or more, and only recently have efforts been made to study the
structure and function of microbial communities and how these communities are affected
by their environment(Curtis and Sloan 2004). For the first two hundred years after its
inception, microbiology focused on direct observation oforganisms through microscopes
and eventually cultures on agar plates or broths. Unfortunately, the emphasis was on
microorganisms as being potentially harmful, focusing on pathogenic bacteria(McArthur
2006). As the field progressed, more interest was taken in how microorganisms interact
with each other, how other organisms can interact with microorganisms, and how their
environment can influence them (Che et al. 1996, Miethling et al. 1999, Buckley and
Schmidt 2000, Tolker-Nielsen and Molin 2000). Fully understanding patterns in
bacterial biodiversity can be critical for the well-being of mega-flora and mega-fauna,
since bacteria most likely comprise a large majority of Earth’s total biodiversity and may
mediate biological processes of the larger organisms(Homer-Devine et al. 2003).
Common microbial cultivation techniques create high nutrient situations, either
through plates or broths, in order to quickly grow bacterial colonies. However, these
techniques are highly selective and can lead to misconceptions about the actual
biodiversity that can be found in nature or that the species that grow quickly on the high

nutrient media represent the majority ofspecies present. A study by Pace(1996)
estimated that only around 1% of microbes in a given sample could be cultivated using
standard techniques. In aquatic environments ranging from oligotrophic to eutrophic, as
well as in soils and sediments, direct microscopic counts outnumber cell culture counts
by several orders of magnitude(Amann et al. 1995). Many known species are difficult to
culture, and it is likely that many more unknown species have never been cultured or
studied (Amann et al. 1995).
Recently, several developments have been made in order to study the rest of the
microbial world. As the structure and composition ofDNA was unlocked and explored,
firstly by Watson and Crick (Watson and Crick 1953), scientists began to see the
potential of using gene fragments as potential method ofidentifying species relationships
(Zuckerkandl and Pauling 1965, Schwartz and Dayhoff 1978). Carl Woese pioneered the
technique of 16S rRNA analysis for microbial phylogenetic taxonomy; the 16S rRNA
subunit shows little evolutionary change with subsequent generations, making it a
suitable gene fragment for taxonomic purposes and classification (Pace 1996). In his
revolutionary paper, Woese stated,“The biologist has customarily structured his world in
ternis of certain basic dichotomies...[a]s a result, it is generally taken for granted that all
extant life must be of these two basic types [eukaryote or prokaryote]”(Woese and Fox
1977). Woese and his colleagues laid the foundation for a new lineage, the
“archaebacteria” now known as the Archaea, which was neither a typical prokaryote, or
moneran, nor eukaryote(Woese and Fox 1977). In subsequent research, Woese
continued his work in taxonomical structure, publishing a critical theory, which included
11 lineages of Bacteria, in the seminal review "Bacterial Evolution ”(1987). These
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lineages have since been referred to by various terminologies, such as kingdom, phylum,
class, order, and division (Rappe and Giovannoni 2003). A leading source in prokaryotic
taxonomy, Bergey's Manual ofSystematic Bacteriology',(Hugenholtz 2002)instituted the
reporting ofthese lineages as phyla, which is now the more commonly used term.(Boone
et al. 2001). With their revolutionary breakthrough in analysis ofthe 16S rRN A gene
fragment, Woese and Fox enabled the true vastness ofthe biodiversity ofthe bacterial
world to be studied. As research began to explore this biodiversity, the number of
recognized phyla has increased, from 11 in 1987(Woese 1987)to 52 in 2003(Rappe and
Giovannoni 2003). Ofthese 52 recognizable lineages, only 26 have cultured
representatives(Rappe and Giovannoni 2003) with the rest being recognized solely by
16S rRNA clone sequences.
While the use of 16S rRNA gene fragments for taxonomic classification was
generally accepted in the early 1980s, the methods used to obtain the gene fragments still
required whole-organism cultivation, effectively reducing observations of the true
biodiversity present in enviroranental samples; Pace and colleagues developed a
technique which allowed for sequencing ofthe 16S rRNA gene fragment without the
need for isolation of said fragment or cloning ofthe entire gene(Pace et al. 1985). DNA
is extracted directly from a soil or water sample and a polymerase chain reaction(PCR)is
performed to amplify the 16S rRNA fragment from the rest of the genome. A technique
first theorized by Kleppe and Khorana(Kleppe and Khorana 1971), PCR was developed
by Kary Mullis; this technique allows for a gene fragment to be copied several times,
providing ample amount of DNA for research (Mullis 1990). PCR, when used in
conjunction with cloning, can provide 16S rDNA sequences for each species present in
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an environmental sample. These sequences can then be compared with an existing
sequence library or database, and relatedness can be determined to place the sample’s
ribotype in its proper position on a phylogenetic tree, which ultimately provides an
evolutionary history of the original, individual species(Hugenholtz 2002). Other
techniques, such as whole-cell fluorescence in situ hybridization (FISH)and membrane
hybridization can detect the presence oftargeted ribotypes in a sample(Amann et al.
1995).
Most microbiological research has been devoted to a small portion of the total
number of bacterial species that likely exist; the eight most studied prokaryotic genera are
all members of only three bacterial phyla: Proteobacteria, Firmicutes, and
Actinobacteria Other than Chlamydia and Boin elia, the top 25 most studied genera are
all members of these three phyla(Galvez et al. 1998). As research continues and more
lineages are recognized, interest has increased in bacterial diversity and microbial
community structure and how these may change at fine scales. Smart et al.(2008)
focused on the importance of understanding how microorganisms interact with each other
and their environment on a finer scale as these are the scales at which microscopic
organisms are likely to function. Understanding the fine scale environment might prove
to be critical to our understanding ofthe enviromnent on a larger scale, especially when
one considers the hierarchical organization found in nature (Allen and Hoekstra 1992);
lower levels of organisms affect the organisms in the environment directly above them.
resulting in a sort of“domino effect,

Studying and understanding these lower levels is

essential to our understanding of the higher levels, and the ecosystem as a whole (Allen
and Hoekstra 1992). This point leads one to question the influence that environmental
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parameters may have on shaping bacterial communities. Darwin showed that over time
organisms are capable of adapting to their changing environment(Darwin 1860); while
Darwin studied finches, should not his theory apply to all organisms, even microscopic
ones? A microbial ecosystem can exist on a space ofonly a few centimeters; yet this
space can harbor as many as 10 billion individual bacteria (Torsvik and 0vreas 2002). If
a microscopic organisms’ niche is itself microscopic, subtle variations in the environment
will likely have a dramatic effect on the success of a species. Biofilms can affix to
various surfaces, both large and small, and these surfaces in turn might affect the
biofilms. Studies have shown that variations in soil particle size can greatly influence the
bacterial community structure, resulting in a higher diversity of bacteria on smaller
particles (Sessitsch et al. 2001)suggesting that surface size might be a fine scale factor
influencing bacterial communities.
Studies have often shown that free-living bacterial communities differ from those
assemblages attached to particles in aquatic ecosystems(DeLong et al. 1993, Besemer et
al. 2005). While research has shown widespread similarities in bacterial communities
associated with various sizes of benthic organic matter (Sinsabaugh et al. 1992), little
research has been devoted to examining the differences of aquatic bacterial communities
associated with different sizes of particles, or sediments. Sediments consist of particles
of diverse physical and chemical characteristics, including size, shape, density, nutrient
composition and surface features(Moore et al. 2004). The aquatic environments where
particles can be found span a

broad range, from lakes and oceans, where particles show a

slow rate of change, to streams and rivers, where particle size fluctuates rapidly as the
particles erode by being pushed downstream. Limnic sediments also vary
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due to the

settling effect ofsuspended particles, while oceanic sediments change because ofthe tidal
effect(Hedin 1990, Capone and Kiene 1988, Hutchison et al. 2006). In lotic systems, the
flow of water can greatly increase bacterial activity and the numbers of microorganisms
present (Fischer et al. 2003). Smart et al.(2008)suggested that aquatic sediments share
some characteristics of both biofilms and suspended particulate organic matter(POM),
and that bacterial communities associated with sediment particles are essentially biofilms,
and are likely to be influenced by both particle size and chemical composition.
A recent study found that particle size alone can shape the bacterial diversity and
community composition of sediment biofilms(Jackson and Weeks 2008). That study
showed that certain phyla (Verrucomicrobia and possibly Betaproteobacteria) showed
signs of being limited to growth on certain particle sizes. The Verrucomicrobia were
largely present on fine and medium particles, and the Betaproteobacteria suggested
evidence of more growth on the coarse particles. That study used sediment samples from
an aquatic environment, observing the natural microbial communities and their structure
in relation to particle size(Jackson and Weeks 2008). This project is intended to fnrther
the study of aquatic microbial community structure, focusing on particle size as a
determining factor; experimentally testing observed trends in situ, through the use of
artificial substrata as particles. Previous research seems to show at least three
shortcomings in descriptive/observational studies on particle size/community
relationships. First, there is a general lack of studies devoted to particle size as an
influential factor of bacterial community structure, particularly in aquatic environments.
Second, research devoted to this area has been unable to fully attribute differences in
community structures to variations in particle size (Yeager and Sinsabaugh 1998).
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While

particle size was thought to have been a strong factor in influencing community diversity,
other factors such as chemical composition of particles could have been more influential.
Third, this study provided the opportunity to test the claims of previous research using
different laboratory techniques. Some prior research has used DNA-DNA hybridization
to examine structural similarity of microbial communities(Yeager and Sinsabaugh 1998).
DNA-DNA hybridization, however, can produce limitations, as it does not directly
determine the identity of a sample, only it’s relatedness to other phyla(Lee and Fuhrman
1991). This finding led to the use of 16S rRNA gene fragment sequencing methods to
determine the composition of bacterial communities in aquatic environments across a
gradient of particle sizes, a method similar to that used in a more recent study (Jackson
and Weeks 2008). These techniques have proven successful in determining the
organization of bacterial populations in several microbiological studies, including those
concerning aquatic environments(Hales et al. 1996, Kowalchuk et al. 1997, Smart et al.
2008). Thus, this project was

able to build on previous research, and use a combination

of novel culture and molecular techniques to experimentally test the relationship between
particle size and bacterial community structure.
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METHODS
Experiment set-up and procedure
Stream water and sediment to be used as inoculant was collected on June 16,
2008, from Cypress Creek, a third-order stream with a sandy bottom in Holly Springs
National Forest located approximately 10 km northeast of Oxford, MS(Smart and
Jackson 2009). This stream has previously been used in studies of bacterial community
distribution on particles (Jackson and Weeks 2008). Inoculation material (water plus
sediment) was stored overnight at room ternperamre until processing. Additional water
samples(2 L) were filter-sterilized to be used to replenish in situ nutrients during growth.
The filtration was carried out in a series of steps; the water was first filtered using a
Whatman GF/D filter, followed by a Whatman 1, then a Whatman GF/1, and finally
using a Nalgene pre-sterilized 0.2 pm filter apparatus. Filter-sterilized water samples
were kept refrigerated until use.
Glass beads (Sigma-Aldrich, Inc. St. Louis, MO)were used to represent inorganic
particles of different sizes in microcosms (sterile 50 mL centrifuge tubes). The total
surface area of the beads in each microcosm was kept constant at 200 cm^ regardless of
bead diameter; the surface area of one bead of each of the three diameters was calculated
(47tr''). These figures were then used to calculate the number of beads needed for each
microcosm The number of beads needed was multiplied by the mass of one bead of each
respective particle size to determine the total mass needed. The beads were sieved to
ensure the accuracy of their size. The beads were separated into groups of 106 pm
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diameter(samples A and E), 500 pm diameter(samples B and F), and 1000 pm diameter
(samples C and G)using nested sieves with screens of63 pm, 125 pm,250 pm.500 pm,
and 1 mm. The bead sizes were determined based on the manufacturers stated size, and
sieving also placed them into a range (i.e., from a minimum size to the screen size of the
next largest sieve). For clarity purposes, the beads will hence forth be referred to by their
minimum size (106. 500, or 1000 pm). Additionally, a mixture of the three sizes of beads
was prepared (samples D and H). For the microcosms containing the mixture of particle
sizes, the total area of200 cm' was divided by three, and the total mass needed to give a
surface area of66.66 cm^ for each bead size was calculated. Three replicate tubes of each
sample set(A, B,C,etc.) were prepared. Samples A and E contained 0.73 g of 106 pm
(fine) beads; samples B and F contained 3.57 g of 500 pm (medium)beads; samples C
and G contained 7.00 g of 1000 pm (coarse) beads. Samples D and H contained a
mixture of all the beads; 0.245 g of the fine beads, 1.188 g of the medium beads, and 2.33
g of the coarse beads. The beads were autoclaved to ensure sterility and oven-dried
overnight at 75°C before being aseptically placed into the 50 mL tubes,
Stream water and sediment were shaken to disperse attached bacteria into the
water and then allowed to sit for 3 minutes so that sediment would settle out. 15 mL of
water was added by pipette to each bead tube. Tubes were amended with 1.5 mL of R2A
broth to yield a final volume of 16.5 mL. A previous trial study had shown minimal or
no colonization without a nutrient amendment. R2A is comprised of Proteose peptone
(0.5 gfi), Casamino acids (0.5 gfi). Yeast extract (0.5 g/1). Glucose (0.5 g/1). Soluble
starch (0.5 g/1). Dipotassium phosphate (0.3 g/1). Magnesium sulfate 7 HjO (0.05 g/1).
and Sodium pyruvate (0.3 g/1), so concentrations used in the tubes in this study would be
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1/10 of this. The three replicate tubes ofsets A, B,C,and D were attached to a
LabQuake rotator(Bamstead International Dubuque,Iowa)and constantly rotated (10
revolutions/minute)to simulate moving particles in a stream bed. The remaining tubes
(three replicates each ofsets E,F, G,and H)were set vertically in a test tube rack to
simulate still particles in the stream bed. Tubes were left for seven days, at which point
10 mL of the liquid was carefttlly poured or pipetted off and replaced with 9 mL ofthe
filter-sterilized stream water plus 1 mL of R2A,effectively replenishing two thirds ofthe
liquid in each tube. This replenishment process was again earned out on days 15 and 22.
Aseptic technique was followed in each case.
After thirty days the overlying water in each tube was drawn off, and the beads
were then rinsed three times with sterile buffered water(2 mM MgCh.O.S mM KHjP04;
then
APHA 1998)to remove planktonic and loosely attached bacteria. The beads were
transfen-ed to new sterile tubes before being Irozen (-20°C) until DNA extractions were
perfonned.

DNA Extraction
DNA extractions were performed on each sample using a modified version of an
extraction method developed for soil and sediments(Zhou et al. 1996). To adapt the
method to the different masses of beads being processed (because of different diameters).
the amounts of the various chemicals were changed to roughly equal 1 mL/g of beads
present; the amounts below are

based on an extraction for the coarse beads. Beads were

thawed at room temperature and all remaining liquid was drawn off. 7 mL of DNA
Extraction Buffer, comprised of 100 mM Tris-HCl(pH 8.0), 100 mM Sodium EDTA (pH
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8.0), 100 mM Sodium Phosphate(pH 8.0), 1.5 M NaCl, and 1% CTAB,and 0.1 g of
Lysozyme was added to the sample, then was shaken (200 rpm)for 30 minutes at 37°C.
Next, 100 pL of Proteinase K was added, and the samples were shaken (200 rpm)again
at 37°C. The samples were then frozen (-20°C)overnight as the process of freezing and
thawing can lyse cells to promote release of DNA. The sample was thawed and 1 mL of
SDS(20%) was added and the tube incubated at 65°C for 2 hours; the samples were
inverted to mix every 20 minutes. The overlying liquid was pipetted off and transferred
to a new tube. 1.4 mL more of extraction buffer and 0.2 mL of SDS(20%)was added to
the beads; the sample was mixed by shaking and incubated again at 65°C for an
additional twenty minutes. This liquid was then withdrawn and added to the liquid
previously withdrawn. The liquid was centrifiiged at 6000xg for 10 minutes, and the
supernatant was split into equal amounts and added to two new tubes. Chloroform was
added to the tubes in at least an equal amount to the supernatant, mixed, and centrifuged
again at 6000xg for 10 minutes.
tube and pooled together into one

The upper aqueous phase was drawn off from each
tube. 0.6 volume ofisopropanol was added to the

samples, and the DNA precipitated over 2 hrs. The samples were centrifuged at 8000g
for 30 minutes and the supernatant was pipetted into a new tube; this supernatant was
again washed with isopropanol and centrilnged to ensure the entire amounts of DNA
were removed from the sample. The pellet was washed with 2-3 mL of70% cold
ethanol. The sample was then centrifuged again to reform the pellet. The ethanol was
then withdrawn, and the pellet air dried for at least two hours and resuspended in 100 pL
TE buffer. Presence of DNA was verified in 5 pL of the sample using gel
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electrophoresis. Results were visualized using UV light after the gel was electrophoresed
and stained with ethidium bromide.

DNA Amplification and Denaturing Gel Gradient Electrophoresis
Amplification of the 16S rRNA gene fragments of DNA was performed through
PCR. A 323 bp section of the 16S rRNA fragment was amplified for subsequent
denaturing gel gradient electrophoresis(DGGE)using target primers Bacl070f and
Univl392GC. Univl392GC(5’-ACGGGCGGTGTGTAC-3’)is a universal primer with
an additional 40 base pair GC clamp and Bacl070f(5 -ATGGCTGTCGTCAGCT-3)is
a bacterial primer (Ferris et. al 1996). Previous studies have employed these primers
while examining bacterial communities found in various aquatic environments (Ferris et
al. 1996, Jackson and Weeks 2008, Jackson et al. 2001). Reaction mixtures for the total
PCR mix consisted of50 pL and contained 0.4 pM Bacl070f primer, 0.4 pM
Univl392GC primer, 0.2 mM each dNTP (deoxyribonucleotide triphosphate), 2 mM
MgCb, 1.0 U of Tag polymerase, and sample DNA in 1 x Eppendorf Tag buffer
(Eppendorf, Hamburg, Germany). The reactions were carried out using a MyCycler
Thermo Cycler(Bio-Rad, Hercules, CA, USA)PCR System through the use of a
modified version of a previous program (Jackson et al. 2001): 2 min at 95°C, followed
by 26 cycles of95°C(30 s), 43°C(30 s), 72°C(45 s), and a final 7 mm

at 72°C.

Negative(no template DNA)and positive(genomic DNA from Escherichia coli) controls
were also amplified for experimental standards, and presence of gene fragments was
confirmed with gel electrophoresis.
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The products ofthese PCR reactions were analyzed through DGGE for all three
replicates of the sample sets A,B,C,and D. Amplification products were concentrated
and filtered using Montage PCR kits(Millipore, Billerica, MA,USA). The samples were
then electrophoresed through a 40-70% denaturing urea-formamide gradient in an 8%
acrylamide gel at 60“C and 60V for 18 h: essentially, under conditions previously
described by Jackson et al.(2001). The DNA migrates through the gel until, because of
the increasing concentration of urea-formamide, it denatures. This technique is able to
show differences in a single base pair, as it is dependent upon GC content ofthe DNA
being examined (Sheffield et al. 1989, Jackson and Churchill 1999). The gel was stained
with SYBR green before the banding patterns were examined by UV transillumination,
The bands were analyzed and aligned by using Kodak Molecular Imaging Software.
Bands were quantified, and the presence ofspecific bands was denoted by binary data
(i.e., either the presence or

absence of a specific band). This data was processed and

analyzed using the Gingko/VegAna software (Department of Vegetal Biology, University
of Barcelona). This software computed correlation scores for the data, producing Jaccard
similarity indices and cluster analyses based on unweighted pair group method with
average means(UPGMA). This technique has been previously used before to analyze
DGGE gels and quantify the results(Lyautey et al 2005, Jackson and Weeks 2008).

ire 16S rRNA segment and cloning
Amplification of the entire
Because DGGE showed that replicate tubes held similar communities, more in
depth analysis ofcommunity composition was perfonned on one replicate from each size
range. One replicate from each sample set was selected at random for cloning: A1, B1,
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C3, Dl, E2, F2, G2, and H2. With the purpose of determining which ribotypes were
found on the particles of various group sizes, DNA was amplified using Bac8f and
Univl492r primers, which bookend almost the entire 16S rRNA gene fragment. Bac8f is
a Bacteria specific primer(5’-AGAGTTTGATCCTGGCTCAG-3’)and Univl492r is a
universal primer(5’-GGTTACCTTGTTACGACTT-3’)(Jackson et al. 2001). These
specific primers were selected based on probes developed by Amann et al.(1995). Each
PCR reaction was carried out in a 50 pL tube; reaction conditions were as described for
the Bad 070 and Univl392 primer set, with the exception of using Bac8f and Univl492r
primers. Reaction mixtures for the total PCR mix consisted of50 pL and contained 0.4
pM Bac8f primer, 0.4 pM Univl492r primer,0.2 mM dNTP,2 mM MgCb, 1.0 U of Tag
polymerase, and sample DNA in lx Eppendorf Tag buffer(Eppendorf, Hamburg,
Germany). The reaction was performed on a MyCycler Thermo Cycler(Bio-Rad,
Hercules, CA,USA)PCR System using a cycle modified fi-om Jackson et al.(2001)
consisting of2 min at 95°C,followed by 26 cycles of95°C (1 min),45°C (1 min), 72°C
(2 min), and a final 7 min at 72°C. Gel electrophoresis was used to ensure the PCR
reactions had been successful. The gene fragments from each sample were then
concentrated and purified for cloning using Montage PCR kits (Millipore, Billerica, MA,
USA).
The fragments were inserted into cloning vectors using a TOPO TA cloning kit
(Invitrogen, Carlsbad, CA, USA). The products of the cloning reactions were plated onto
plats consisting of LB agar + 0.05 mg/mL kanamycin. 40 pL of an X-gal solution (40
mg/mL in dimethylformamide) was spread on the plates aftei they had warmed at 37 C
for 30 minutes prior to plating. These plates were incubated overnight at 37°C. White
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colonies (indicating successful transformation) were transferred to new plates using
sterile toothpicks, effectively creating a clone library for each sample(Al, Bl, C3, Dl,
E2, F2, Gl, H2), which consisted of 24 clones for each sample. The clone library plates
were then incubated for 24 h at 37°C, before being refrigerated and wrapped in parafilm
in storage for sequencing.

DNA Sequencing and Bacterial Community Analysis
The clone libraries, 24 clones for each sample set, were sent to Functional
Biosciences(Madison, Wisconsin)for commercial sequencing. The results were
received as a digital format, both as a sequencing chromatogram and a text file, which
listed each sequenced base pair ofthe 16S rRNA segment(s). After analyzing the
sequencing data, starting and stopping points were manually defined by deleting weak
signals, typically resulting in 500-700 bases of information. The sequences were
uploaded to the greengenes gene database and workbench (http://greengenes.lbl.gov/cgibin/nph-index.cgi). The greengenes database used the sequences to determine
phylogenetic lineages for each successful clone. An online interface was then used to
generate values for Schaoi and Sace, roughly the predicted number of species present in
the whole community and the expansiveness covered by the clones used in relation to the
actual community, respectively(Kemp and Aller 2004).
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RESULTS
Initial bacterial growth
After the 30 d growth period, visible amounts of bacteria were present in all
samples. Samples A, B, C and D,the samples which had been rotating, showed a clear to
yellowish growth, both attached to the beads and free floating. Samples E, F, G and H,
the samples which had been stationary for the 30 d growth period, showed visible
amounts of growth also. Darker material, ranging from dark brown to black, was present
as a film at the top ofthe water in these samples, as well as forming a film near the top of
the beads. In some stationary samples, most notably the samples containing coarse
particles, vertical banding patterns were apparent with bands of different color at
different depths within the beads in each tube.

Analysis of attached bacterial community profiles using DGGE
The presence of bacteria was confirmed by a whole community DNA extraction
and gel electrophoresis. The 16S rRNA gene fragment of this DNA was then amplified
using PCR (bases 1070-1392) to study sample fractions for samples A, B, C and D more
closely using DGEE. DGGE results were visible using UV transillumination after
staining the gel with SYBR green (Figure 1). Banding on the samples for the DGGE
appeared to be similar for the three replicates of each particle size sample. Specifically,
bands were present on the fine samples(A)which did not seem to appear on any of the
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C3. D1, D2. D3. A. B. C. and D denote fine, medium, coarse, and mixture of particles in
the shaking subset.
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other samples. The same can be said for bands on the medium samples(B). Simply
looking at the DGGE gel results indicated that community structures across the particle
size gradient were similar, and further analysis confirmed this.
Cluster analysis (Figure 2)and multidimensional scaling(MDS)(Figure 3) using
binary data calculated from the DGGE,grouped samples by size. Multivariate plots were
generated from the data using Jaccard-Ellenberg similarity scores. As evidenced by the
plotted data, bacterial communities on particles of the same size were very similar. The
cluster analysis dendogram shows each size fraction separating into unique groups; the
fine, medium, and coarse groups all separated independently, while the mixture group
was most closely associated with the coarse fraction. The fine particles(Al, A2, A3)
separated earliest from the other samples, suggesting that this particle fraction harbored
bacterial communities different from the other samples. The medium sized particles(Bl,
B2, B3)exhibited an independent clustering, like the fine particles, indicating the high
relatedness of the communities found on those particles. The most closely related group
was the large particles(Cl, C2, C3); furthermore, samples Cl and C3 were the two
samples most closely related of any sample pairing, with a similarity score of 0.889. The
MDS plot showed that samples D1 and D2, consisting of a mixture of equal surface area
of the three size fractions were most closely related to the coarse particles, while D3 was
roughly equidistant fomi samples in both the coarse and medium size fractions.
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A1
A3
A2

B1
B2
B3

Cl
C3
C2

D1
D2

D3

Figure 2, Cluster analysis dendogram illustrating community similarities. Grouping on
the dendogram illustrates the relatedness of bacterial communities present on samples.
This dendogram depicts the high degree of relatedness of bacterial communities present
between the samples of differing sizes. Samples Al, A2, A3 (fine particles) separate to
form a group independent of the other samples. Cl, C2, C3(coarse particles) and Bl.
B2, B3(medium particles) show similar characteristics. Samples Dl, D2, and D3
(mixture of particles) are most closely related to each other and the coarse particles (C1,
C2, C3).
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Identification of bacterial diversity through 16S rRNA sequencing
The 24 sequences gathered for each sample set, were used to determine the
number of phylotypes observed, the coverage (Cace)» and the predicted number of
phylotypes present in each sample (Schaoi)(Table 1). The highest number of predicted
phylotypes occurred in sample G, with 139, and the lowest occurred in sample C, with
20. There were no similar values between the respective particle sizes ofthe standing
and shaking sample sets. The standing particles displayed a higher number of predicted
phylotypes(248)than the shaking particles(155) across the entire particle size gradient.
As evidenced by Table 2, several phylotypes displayed limited distribution across
particles. The group Actinobacteria was only present on the shaking samples, a similar
phenomenon occurred in the Alphaproteobacteria group, with 90% of the total number of
observed Alphaproteobacteria clones being found on the shaking samples. Inversely,
72% ofthe total number of observed Gammaprotebacteria clones were present on the
standing samples, as well as 70% of the total number of observed Finnicutes being found
on standing samples. In regards to particle size differentiation,75% of the total number
of observed Firmicutes clones were present on the fine and medium particles, with only
7.5% of the total number of clones being found on the coarse particles. 88.8% of the total
number of observed Gammaproteobacteria clones were present on the medium and
coarse particles, with only 5.5% ofthe total number of clones found on the fine particles.
50% of the observed Alphaproteobacteria were present on the coarse particles.
Several sequences were catalogued multiple times (Table 3). The sequence for an
uncultured member of the genus Aithrobacter was catalogued 14 times, with no apparent
pattern in regards to particle size; however, this sequence was only noted on the
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Table 1. Predicted number of total phylotypes (Schaoi) and coverage(Cage)for each
sample set(A, B, C, D are fine medium, coarse, and mixture shaking samples,
respectively. E, F, G,H are fine medium, coarse, and mixture standing samples,
respectively.)

Predicted Phylotype Diversity

A

B

C

D

E

F

G

H

14

16

15

12

15

16

17

16

23

22

21

23

23

24

23

22

Schaol

42

67

20

26

29

43

139

37

Cage

0.57

0.36

0.57

0.61

0.52

0.46

0.30

0.45

Number of
Phylotypes
Observed
Number of
Usable
Sequences

11

Table 2. Number of 16S rRNA clones of each phylotype catalogued on different sizes of
glass beads, inoculated with stream water after a 30 d growth period. Whole community
DNA was extracted, clones were produced; these clones were then sequenced. Clones
are listed by phylogenetic group and separated by the number found in each sample set
(number found on shaking paiticles/number found on standing particles).

m

500

Phylogenetic Groui

106

Alphaproteobacteria

2/0

2/0

Betaproteobacteria

5/3

Dcltaproteobacteria

TTlTf

Mixture

Total

5/0

0/1

9/1

6/3

5/2

7/6

23/14

I/O

0/0

0/2

1/1

2/3

Gammaproteobacteria

0/1

2/4

2/8

1/0

5/13

Epsilonbacteria

0/1

0/0

0/0

0/0

0/1

VeiTucomicrobia

0/0

1/0

1/3

0/1

2/4

Bacteroidetes

6/5

2/5

2/6

7/7

17/23

Actinobacteria

3/0

6/0

3/0

3/0

15/0

Fimiicutes

6/11

1/12

2/1

4/3

13/27

Planctomycetes

0/0

2/0

1/0

0/1

3/1

Acidobacteria

0/1

0/0

0/0

0/1

0/2

Chloroftexi

0/0

0/0

0/0

O/I

0/1

Eukarya/Diatoms

0/1

0/0

0/1

0/0

0/2
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Table 3. Compilation ofthe sequences which were catalogued multiple times, grouped
by particle size and shaking vs. standing groups. Sequences are listed by phylum or sub
phylum and genus(genus listed in italics). A,B, C and D denotes fine, medium, coarse,
and mix particle sample types for shaking samples, respectively. E, F, G,and H denotes
fine, medium, coarse, and mix particle sample types for standing samples, respectively.

Sequences Catalogued Multiple Times
Standing

Shaking

A

B

C

D

E

F

G

H

Actinobacteria
Arthrobacter

3

6

2

3

0

0

0

0

Bacteroidetes
Flavobacterium

2

2

2

4

0

0

1

0

Bacteroidetes
unclassified

0

0

0

0

2

1

1

3

Finnicutes
Exigiiobacterium

6

1

2

3

1

1

0

2

Finnicutes
Trichococcus

0

0

0

1

6

7

0

0

Betaproteo
Dechloromoiias

0

0

0

0

2

1

0

3

Betaproteo
Leptothrix

0

0

0

0

0

1

1

2

Betaproteo
Zooglea

2

1

0

0

0

0

1

2

Gammaproteo
Aeromonas

0

0

0

0

0

2

7

1

Sequence ID
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shaking particles. Likewise, a previously uncultured sequence for a member of the genus
Trichococcus was catalogued 14 times, 13 of which occurred on medium and coarse
standing particles. A sequence for a previously uncultured member ofthe genus
Aeromonas occurred ten times total on solely the standing particles, seven times on the
coarse particles. The sequence for a member of the genus Exigiiobacterium was observed
on 16 total particles, 12 of which were shaking, and catalogued seven times on fine
particles.
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DISCUSSION
Microbial community structure can be influenced by various environmental
forces, such as substrate availability, location of roots, and particle sizes in aquatic
environments (Griffiths et al. 1998, Yang 1999, Jackson and Weeks 2008). Particles in
aquatic environments provide fine-scale variations, making them ideal settings for
studying microbial community structuring (Yeager and Sinsabaugh 1998). The goal of
this project was to examine the effect of particle size as an influence on aquatic microbial
communities, using DGGE and 16S rRNA gene sequencing, and strengthen the
hypothesis that biofilms attached to particles of varying sizes differ phylogenetically.
Whereas previous research has shown diverse physical and chemical variation among
natural particles(Moore et al. 2004), this study focused exclusively on the effect of
particle size, by using sterile glass beads of different sizes, all of which were essentially
spherical in shape and had the same chemical composition.
Overall, the largest contrast in the microbial diversity occurred between the
sample sets A, B, C, D (shaking) and E, F, G,H (standing). This phenomenon can most
likely be attributed to the movement of the shaking particles, which could have allowed
the water to be oxygenated or nutrients to adequately contact each particle. Even though
all tubes in both the shaking and standing sample sets were sealed, presumably being
airtight, the effect of movement for the shaking particles was enough to significantly
change the composition ofthe communities present in those sample sets; certain groups
{Actinobacteria^ Alphaproteobacterid) showed a specific trend in selection on either the
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shaking or standing particles. Communities on the shaking particles reflected a
composition consisting largely of Betaproteobacteria, Bacteroidetes, Actinobacteria, and
Finnicutes. Both of the phyla Betaproteobacteria and Actinobacteria consist largely of
aerobic bacteria; Firmicutes is comprised of both aerobic and facultative genera, as well
as obligate anaerobes, the Clostridia (Prescott et al. 2004). The Firmicutes clones found
on the shaking particles were members ofthe Bacillales and Lactobacillales lineages.
Members of the genus Clostridia were found only on the standing particles. The DNA
extracted from the standing particles reflected a composition consisting largely of
Finnicutes, Bacteroidetes, Betaproteobacteria, and Gammaproteobacteria. Certain
classes of the phyla Gammaproteobacteria contain anaerobic organisms(Prescott et al.
2004).
Within the shaking particles, data from DGGE analysis, cluster analysis, and
MDS resulted in three distinct groups, based on particle size, and one group which was
not as closely related, sample set D (which contained a mixture of the other particle
sizes). These results were consistent with previous research; Yeager and Sinsabaugh
(1998)showed two distinct groups of particles,(500, 250, and 125 pm)and (63 and 38
pm), and Jackson and Weeks(2008)showed three distinct groups of particles, 1000 pm,
125-500 and 63 pm. This data, in turn, supports the previous research, adding validity to
both those studies, as well as this one, by supporting the idea that varying particle sizes
support varying microbial communities. This study recreated that situation
experimentally as opposed to observing it in vivo^ suggesting that it is the size of the
particles alone that structure the communities (i.e., it was not the chemical composition of
the particles that might have influenced communities observed).
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Previous research has shown a correlation between bacterial biodiversity and
particle size, effectively showing an inverse relationship between the two: as particle size
decreases, the number of different species present increases(Yeager and Sinsabaugh
1998, Sessitsch et al. 2001). As the volume of a sphere increases, it’s surface area to
volume ratio decreases. For this reason, this study standardized the amount of surface
area available to the bacteria by using varying masses ofthe beads to achieve a total
surface area of particles in each tube of200 cm^. This study showed a relationship
between biodiversity and particle size amongst the data from the shaking particles, but
data from the standing particles seemed to show no signs ofthis pattern. In the shaking
particles, the highest number of predicted different phylotypes occurred on the medium
sized particles (67), followed by the fine particles (42), the mixture (26), and the coarse
particles (20). However, in the standing samples, an inverse trend occurred; the coarse
particles harbored the most number of predicted phylotypes, even when compared with
the shaking particles, with 139. The medium particles had the second most number of
predicted phylotypes amongst the standing particles (43), followed by the mixture (37),
and the fine particle sample contained the least amount of predicted phylotypes (29). The
sum of the expected number of phylotypes amongst the standing particles was 60%
higher than the total number of expected phylotypes for the shaking particles. This could
be attributed to the process used to grow the bacteria on the particles, namely amending
them with R2A which would select for certain phylotypes, possibly adding a bias toward
the phylotypes present on the standing particles; conversely, this phenomenon could be
ascribed to the belief that particles allowed for less competition, effectively allowing
several competing species to exist simultaneously.
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Ofthe total number of Verrucomicrobia clones present, five of six total clones
sequenced occurred on coarse and medium particles, and the remaining clone was
sequenced Irom sample H,the standing mixture of particles. This data contradicts an
earlier descriptive study, where Verrucomicrobia were mostly present on fine and
medium particles (Jackson and Weeks 2008). However,in this study, the
Verrucomicrobia were not as prevalent as in the Jackson and Weeks study (2008).
Furthennore, bacteria were essentially cultured, using dilute R2A as a media, which
could have added a bias for certain groups. Most members ofthe Verrucomicrobia
lineage remain uncultured. This was a necessary procedure, as a previous trial study
which used no added growth promoter provided inadequate growth of bacteria on
artificial substrata.
DNA extraction of nucleic acid directly from soils, or in the case ofthis
experiment, artificial substrata, is potentially a biased method (Frostegard et al. 1999,
Miller et al. 1999). Some studies have shown that these extraction methods, particularly
solely using chemical extraction methods, are not capable of completely lysing the hardy
cell wall of Gram-positive bacteria, therefore the DNA extracted is not actually “wholecommunity” but instead a biased representation of what is truly harbored in the soil or
particles (Frostegard et al. 1999, Kauffmann 2004). However, the DNA extracted in this
study was able to yield Gram-positive clones, including a phylogenetic composition
comprised of 15% from the phyla Firmicutes and 17% fi*om the phyla Actinobacteria for
the shaking particles and 30% Firmicutes for the standing particles; this indicates that the
DNA extraction method used was capable oflysing the cell walls of Gram-positive
bacteria in this study. Furthennore, it is possible that the techniques involved in
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amplifying a 16S rRNA gene fragment may potentially skew results through various
ways(von Wintzingerode 1997, Suzuki et al. 1998, Becker et al. 2000, Qiu 2001). While
this is likely true, cloning, sequencing, and subsequent comparison to a large clone
library is one of the most widely used methods of determining phylotypes from sequence
reference(Dunbar et al. 1999, Cottrell and Kirchman 2000, Hayashi et al. 2002, Jackson
and Weeks 2008).
As mentioned earlier, some sequences were observed several times across the
particle size gradient (e.g. Arthrobacter and Flavobacterium) while others displayed
growth patterns on particles of particular size(s),(e.g. Trichococcus and Aeromonas^.
Though not all of the sequences catalogued multiple times showed evidence of being
affected by particle size, all of them were found almost exclusively on either the shaking
or standing particles. This, again, supports the hypothesis that the difference between
shaking and standing resulted in the most phylogenetic difference and that particle size
had a more profound effect on some phyla/genera than others. The phenomenon of
certain clone sequences being catalogued multiple times could be attributed to the biased
selection the addition of R2A as a media could create.
In the shaking particles, Betaproteobacteria were one ofthe most commonly
observed lineages, 26% of the total sequences observed were members of this phyla; 22%
of the Betaproteobacteria were observed on the coarse particles, 26% were observed on
the medium particles, 22% were observed on the fine particles, and 30% were observed
on the sample containing a mixture of all particle sizes (each percentage represents a
percentage of the total number of Betaproteobacteria observed on the shaking particle
set). In previous research conducted on samples from Cypress Creek, Betaproteobacteria
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comprised 21% of the total number ofsequences gathered; 27% of the total number of
obser\^ed Betaproteobacteria occurred on the fine particles, 25% occurred on the medium
particles, and 48% occurred on the coarse particles (Jackson and Weeks 2008). While the
percentage of the total community structure Betaproteobacteria comprised was similar in
both the previous study and this study, the Betaproteobacteria in this study showed no
signs of being affected by particle size, in contrast to what the study of Jackson and
Weeks had previously suggested (2008).
Jackson and Weeks(2008) also found an abundance of Acidobacteria in Cypress
Creek; 26% of the total number ofsequences observed for the fine particles were
Acidobacteria, as well as 20% for the medium particles, and 20% for the coarse particles.
However, this study found no Acidobacteria on the shaking particles and only three, 3%
of the total number of sequences observed, on the standing particles were Acidobacteria.
This is most likely attributed to the fact that Acidobacteria, while they may be abundant
in natural samples, are difficult to grow in cultures (Quaiser et al. 2003). Conversely,
19% of the total sequences observed were Bacteroidetes, whereas only 8% ofthe
phylogenetic sequences observed by Jackson and Weeks(2008) were Bacteroidetes. This
study was experimental in nature, attempting to recreate the effects seen in previous
research relating to particle size and aquatic microbial community structure (Jackson and
Weeks 2008).
Previous research has studied the correlation between particle size and bacterial
community structure, but that research focused on fine particulate organic matter(Yeager
and Sinsabaugh 1998, Smart et al. 2008) and soil fractions of sand, silt, and clay
(Sessitsch et al. 2001). Various chemical attributes, such as pH gradients and the
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availability ofoxygen, have shown to affect diversity patterns for particles(Delong et al.
1993, Weiss et al. 1996). Torsvik and 0vreSs(2002) were able to conclude that particle
size has a significant impact on microbial diversity and community structure in soil
particles. Little research has been devoted to studying the effect of particle size on
microbial community structure and diversity in aquatic ecosystems. Examining the
possibility that simply the size of an object can influence what organisms might prosper
when attached to that object, or that a moving object can harbor different organisms than
an identical stationary object is a worthwhile endeavor, especially when one considers the
vast amount of microbial ecosystems that are yet to be studied. The 16S rRNA gene
sequences and DGGE analysis revealed significant differences in bactenal communities
associated with shaking particles vs. standing particles and in particles spanning a size
gradient. These differences demonstrate the importance ofexpansive microbial
ecological research, which is not limited to a few well-studied phyla. The study offine
scale variation in microbial environments and how those variations affect and structure
microbial communities, and vice versa, is an important part ofthe field of microbial
ecology.
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SUMMARY
Data collected from the denaturing gel gradient electrophoresis(DGGE)analysis
concluded that particle size has a strong effect on bacterial biofilm structure, specifically
for certain bacterial phyla. Each sample set of varying particle size, fine(106 pm).
medium (500 pm), and coarse(1000 pm), separated into unique groups in the cluster
analysis, with the samples containing the mixture of particle sizes being most closely
related to the coarse particles. The effect ofshaking vs. standing also strongly influenced
the microbial community structure, with some bacterial phyla being found almost
exclusively on either the shaking or standing particles. These findings attest to the
influence various environmental conditions can have on microbial community structures.
as all samples were treated with the same inoculate.
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Appendix 1. Phylogenetic lineages of all sequenced clones found on all samples.
(Number in parentheses denotes the number of clones sequenced).
Acidobacteria
Acidobacteriales
Acidobacteriaceae(2)
Actinobacteria
Actinobacteridae
Actinomycetales
Coiynebactenwn (1)
Micrococcineae
Micrococcaceae
Arthrobacter(14)
Bacteroidetes
Anaerophaga (1)
Porphyromonadaceae
Parabacteroides(3)
Rikenellaceae
Alistipes(2)
Unclassified (1)
Bacteroidales(7)

Flavobacteria
Flavobacteriales
Cryomorphaceae
AIgoriphagues(1)
Chiyseobacterium (1)
Flavobacterium (11)
Tenacibaculum (1)
Sphingobacteria
Crenotrichaceae
Rhodothermiis(1)
Terrimonas(2)
Flexibacteriaceae
Arcicella (1)
Niastella (1)
Pedobacter(1)

A-1

Sphingobacterium (2)
LJnclassified (3)
Unclassified (1)
Chloroflexi
Caldilineales
Levilinea (1)
Cyanobacteria
Chloroplast
Baciliariophyta (2)
Fimiicutes

Bacilli
Lactobacillales
Camobacteriaceae
Trichococcus(13)
Bacillales
Exigiiobacterium (16)
Listeriaceae
Ammoniphilus(1)
Clostridia
Clostridiaceae
Caloramatora(1)
Clostridium (2)
Oxobacter(1)
Alkaliphilus(1)
Sedimentibacter(1)
Auearovorax(1)
Peptococcaceae
Desulfitobacterium (1)
Sporotomaculum (1)
Planctomycetes
Gemmata (1)
Planctomyces(2)
Unclassified (1)
Proteobacteria
Alphaproteobacteria
Rhizobiales
Hyphomicrobiaceae

A-2

Ancylobacter(1)
Devosia(1)
Phyllobacteriaceae
Hoeflea (1)
Mesorhizobium (2)
Rhizobiaceae
Ensifev(1)
Rhodobacterales
Rhodobacter(1)
Rhodospirillales
Magnetospirillum (1)
Rickettsiales
Unclassified(1)
Sphingomonadales
Sphingopyxis(1)
Betaproteobacteria
Burkholderiales
Comamonadaceae
Coniamonas(3)
Diaphovobacter(1)
Hydrogenophaga (2)
Ramlibacter(1)
Ideonella (1)
Leptothrix(4)
Pelomonas(1)
Unclassified (1)
Oxalobacteraceae
Janthinobactevium (2)
Massilia (3)
Neisseriales
Neisseriaceae
Microvirgula (1)
Unclassified (2)
Nitrosomonadales
Nitrosospira (1)

A-3

Rhodocyclales
Azoarcus(1)
Azospira (2)
Dechloromonas(6)
Sterolibacteriiim (1)
Zoogloea (4)
Deltaproteobacteria
Bdellovibrionales
Bdellovibrio (2)
Desuflovibrionales
Dcsulfovibrio (1)
Desulfuromonales
Geobacter(1)
Epsilonproteobacteria
Campylobacterales
Helicobacter(1)
Gammaproteobacteria
Acidithiobacillales
Acidithiobacillus(1)

Aeromonadales
Aeromonas(10)
Legionenllales
Legionella (1)
Pseudomonadales
Moraxellaceae
Acinetobacter(3)
Pseudomonadaceae
Pseudomonas(2)
Thiotrichales
Piscirickettsiaceae
Thiomicrospira (1)
Unclassified (1)

A-4

Verrucomicrobia
Ven*ucomicrobiales
Opitutaceae
Opitutiis(1)
Vemicomicrobiaceae
Prosthecobacter(1)
Unclassified (1)
Vemicomicrobhm (1)
Xiphinematobacteriaceae
Unclassified (2)

A-5

